This study was undertaken to assess the relationship between iron absorption and the concentration of duodenal iron proteins in normal subjects and patients with idiopathic hemochromatosis (IH). Biopsies were obtained endoscopically from the duodenum in 17 normal subjects, 3 of whom were mildly iron deficient, and 7 patients with untreated IH. The absorption of both heme and nonheme iron was increased in IH despite a 20-fold elevation in serum ferritin. Immunoassays using MAb were used to measure transferrin, H-rich ferritin, and L-rich ferritin in mucosal samples. Mucosal transferrin concentrations in normal subjects did not correlate with either iron status or iron absorption, indicating that mucosal transferrin plays no physiological role in iron absorption. Mucosal transferrin was significantly lower in IH, presumably because of a decrease in mucosal transferrin receptors. Mucosal H and L ferritin concentrations were directly related to body iron stores and inversely related to iron absorption in normal subjects. In IFH, mucosal H and L ferritin failed to increase in parallel with the serum ferritin, but were appropriate for the level of iron absorption. The relationship of mucosal H/L ferritin in IH did not differ from that observed in normal subjects. Our findings indicate that the major abnormality in duodenal iron proteins in IH is a parallel decrease in the concentration of H-and L-rich ferritin. It is-not evident whether this is the result or the cause of the absorptive abnormality.
Introduction
Idiopathic hemochromatosis (IH)' is an inherited disorder of iron metabolism associated with progressive and frequently lethal accumulation of body iron. The characteristic feature of this metabolic disease is excessive absorption from a diet with a normal iron content. The mode of inheritance has been established as autosomal recessive (1) . The allele responsible for IH is located on the short arm ofchromosome 6 adjacent to the A-locus of the HLA complex (2, 3) and apparently lies between the HLB and HLA loci (4) . There is a pronounced variation in the racial and geographic prevalence of the dis- ease, which has only been reported in Caucasians. The incidence of the gene in the U. S. population is 5-6%, with a disease frequency of -3 per 1,000 (5) . The Numerous theories have been advanced to account for the excessive absorption of iron in IH, but the underlying mechanism is still unknown. Some investigators believe that the mucosal cell is intrinsically normal, but responds to abnormal kinetic or hormonal regulatory signals. Other investigators believe that the defect lies within the mucosal cell, involving some facet of mucosal uptake, storage, intracellular transport, or release of iron. Transferrin and ferritin, the key proteins of iron metabolism, have both been identified in the intestinal mucosal cell. This investigation was undertaken to examine the relationship between iron absorption, body iron stores, and the mucosal concentration ofthese proteins in normal subjects and patients with IH.
Methods
Subjects. Studies were performed in 17 normal volunteers and 7 patients with IH. All subjects gave written, informed consent before participating in the study, which was carried out in accordance with the procedures of the Human Subjects Committee at the University of Kansas Medical Center. The normal group included 10 men and 7 women, ranging in age from 22 to 48 yr. None had a history of disorders that might alter iron absorption from the gastrointestinal tract and all had normal hemoglobin levels and red cell indices. However, three of the women had depleted iron reserves, as defined by a serum ferritin < 10 jg/liter. In certain analyses, these subjects were separated from the normal group to reflect the effect of mild iron deficiency. iron. In addition, a liver nonheme iron concentration was determined in four of these patients and each measured > 600 /Ag/g wet weight.
One of the subjects (subject 1, Table I ) had been phlebotomized previously. A total of 13 g iron had been removed, but he had not been phlebotomized for 2 yr before this study. The remaining six patients had never been treated.
Iron absorption measurements. Absorption values for heme and nonheme dietary iron were determined simultaneously from a standard hamburger meal using double radioiron labels. The test meal was eaten between 7 and 9 a.m. after an overnight fast and no further food or liquid was allowed for 4 h. The meal consisted of ground beef (I 13 g), a bun (53 g), French fries (68 g), and a milk shake (145 g). The meal furnished 820 kcal and contained 4.8 mg of iron, of which 1.4 mg was in the form of heme.
The heme and nonheme iron pools of the standard meal were tagged extrinsically (6) (7) (8) as follows. The heme iron fraction was labeled by adding 0.6 mg iron and 3 uCi radioactivity as "5Fe-labeled hemoglobin to the ground beef immediately before the meal was served. Radioactive hemoglobin was prepared in a pathogen-free rab- 7 .4. The mucosal cell preparation was kept on crushed ice throughout the processing procedure. The specimen was rinsed gently, resuspended in 2.5 ml of buffer, and mechanically vibrated with a vortex mixer for 1 min to dislodge the mucosal cells (13, 14) . After removing the cytoskeleton, the cell suspension was pelleted by centrifugation at 1,000g for 5 min and resuspended in 2.5 ml fresh buffer. The cells were then sonicated for two 30-s periods and the debris removed by a final centrifugation at 10,000 g for 10 min. The supernatant was stored at -20'C for later protein and ELISA measurements. Protein determinations were performed by the method of Lowry et al. (15) using BSA as the standard.
Immunoassays. The concentration oftransferrin and L and H-rich ferritin was measured by ELISA with specific MAb. The assay for L ferritin (basic isoferritin) was developed using recrystalized human liver ferritin (16) . This assay has a working range of 1 to 100 jg/liter and a sensitivity of 0.5 Mg ferritin/liter. The ELISA for transferrin has also been recently described (17) . This assay is standardized with purified human transferrin (T-2252; Sigma Chemical Co., St. Louis, MO).
Measurements on human serum have demonstrated a close correlation between values obtained by ELISA and measurement of total iron-binding capacity (17) .
The assay for H ferritin (acidic isoferritin) was developed using human heart as the ferritin source. The ferritin was purified by ultracentrifugation and gel filtration on Sepharose 6B (Pharmacia Fine Chemicals, Piscataway, NJ) (18) . Purity was confirmed by PAGE in 5% gels at pH 7.8 (19). This heart ferritin preparation which was used for the development of MAb, contained predominantly acidic isoferritins when examined by isoelectric focusing on 4% polyacrylamide gels after being stained for protein (20) . MAb were prepared by the subcutaneous injection of 100 Mg ferritin protein in CFA into 6-wk-old male Balb/c mice. The animals were boosted with the same quantity of protein on two subsequent occasions at 2-wk intervals and again 3 d before fusion. Spleen cells were then fused with a murine myeloma line (P3/X63-AG8-6.5.3). Hybridomas were selected in hypoxanthine aminopterin thymidine medium and screened for antibody production by assaying the supernatant in microtiter plates coated with purified heart ferritin. Only hybrid cultures failing to react with recrystalized liver ferritin were selected. Hybrid cultures positive for antiferritin were cloned three times by limiting dilution. Cultures were expanded in flasks and injected intraperitoneally into pristane-primed Balb/c mice for harvesting of ascitic fluid 10-21 d later.
The ELISA for H ferritin was established using MAb for the solidphase and indicator reagent. The performance characteristics of the assay were virtually identical to those described previously for L ferritin (16) . Recrystalized human liver ferritin was completely nonreactive in the assay for H ferritin at any concentration. However, 18% of the heart ferritin used to prepare the monoclonal reagents could initially be detected in the assay for L ferritin. The heart ferritin was then further purified to remove any L-type ferritin, either with HPLC or by adsorbing with an excess of MAb against L ferritin that had been immobilized on Sepharose 4B. The proportion of H ferritin reacting in the L ferritin assay was reduced to 5.2% by both purification methods. This repurified material was used as the standard for the H ferritin assay. The small degree of continuing cross-reactivity of the heart ferritin standard for monoclonals prepared against L ferritin presumably represents the minimum L subunit composition of H-rich feritin (2 1).
In all three ELISAs, background and six dilutions of the standard were measured in triplicate in each 96-well microtiter plate. All unknowns and quality control sera were assayed in triplicate. Two A preliminary study was performed in normal subjects to determine whether the level of the duodenum from which the biopsy was obtained affected the concentration of iron proteins (Table II) . One or two biopsies were obtained from the proximal, middle, and distal 
Results
The measurements of iron status, iron absorption, and mucosal proteins are listed in Table I . In normal subjects, absorption of nonheme and heme iron averaged 3.8 and 28.4%, respectively. In the iron-depleted subjects, absorption was sharply increased to 21.8 and 48.1%, respectively. In IH, mean absorption values for nonheme (9.5%) and heme (51.9%) iron were both higher than in normal individuals, but the differences were not statistically significant.
Mucosal transferrin, which averaged 1,230 ng/mg protein in normal subjects, was reduced to 494 ng/mg in IH (t -3.174, P < 0.005). Only one of the seven patients with IH had a mucosal transferrin concentration within the range observed in iron-replete normal subjects. Importantly, no significant difference in mucosal transferrin was observed between normal subjects with depleted and those with normal iron stores.
The concentration of mucosal L ferritin ranged from 33 to 458 ng/mg protein with a geometric mean of 167 ng/mg in the normal subjects. The trations of mucosal iron proteins in normal subjects. The correlation coefficients for the composite group of 17 control subjects are listed in Table III . Relating iron status to iron absorption, the highest correlation was observed between serum ferritin and nonheme iron absorption (r = -0.847). The correlation between serum ferritin and heme iron absorption was lower, but still highly significant (r = -0.643). Of the mucosal iron proteins, L ferritin was highly correlated with both serum ferritin (r = 0.773) and nonheme iron absorption (r = -0.624). These correlations were lower with H ferritin, but the concentrations of two isoferritin fractions were closely related to each other (r = 0.860). No significant correlation was observed between the concentration of mucosal transferrin and either serum ferritin or iron absorption. The changes in iron absorption and mucosal iron proteins in IH are best examined in relationship to the correlations observed in normal subjects. The elevation in nonheme iron absorption in IH is more apparent when examined in relationship to their marked elevation in serum ferritin (Fig. 1) . Based on the relationship between serum ferritin and nonheme iron absorption in normal subjects, a serum ferritin of 10-15 ,ug/liter would be predicted at the mean absorption of 9.5% in IH. This is two orders of magnitude lower than the observed mean serum ferritin of 1,340 ,g/liter. Iron absorption in untreated IH is thus markedly elevated when related to body iron reserves.
On the other hand, the concentration of mucosal L ferritin in IH was appropriate for the level ofnonheme iron absorption (Fig. 2) , but far below the concentration that would have been predicted from the serum ferritin level (Fig. 3) . Based on the relationship observed in normal subjects, one thus would predict a mucosal L ferritin concentration in patients with IH of 1,060 ng/mg protein at a mean serum ferritin of 1,340 jg/ml, whereas a mean concentration of 185 ng/mg was observed.
Importantly, there was no significant alteration in the relationship between L and H ferritin in patients with IH (Fig. 4) . The ratio of L/H ferritin averaged 1.72 in 14 iron-replete subjects and 2.28 in IH (P = 0.23).
Discussion
The central disturbance in IH is excessive absorption ofdietary iron despite expanded body iron stores (25) (26) (27) . By simultaneously labeling the nonheme and heme iron compartments of the hamburger meal used in this study, it is possible to obtain quantitative estimates of total absorbed dietary iron. The iron-replete men in our study absorbed an average of2.9% nonheme and 26.0% heme iron. Assuming a daily intake of 18 mg dietary iron with 10% or 1.8 mg in the form of heme, these men absorbed 0.47 mg nonheme and 0.47 mg heme iron. The combined daily absorption of 0.94 mg iron agrees closely with the current estimate for daily basal iron loss in normal men of 0.9 mg (28). When these calculations are applied to the six male patients with IH, absorption values of 1.67 mg for nonheme and O.81 mg for heme iron are obtained or a total of2.48 mg daily. Assuming that basal iron loss in IH is similar to that in normal subjects, these patients are accumulating excess iron from the diet at a rate of 1.5 mg daily or -0.5 g/yr, despite the marked elevation in their transferrin saturation and serum ferritin.
Several workers have described the presence of a protein in the intestinal mucosal cells of small laboratory animals that is similar, if not identical to circulating transferrin (29) (30) (31) . Quantitative immunologic assays performed on homogenates of rat mucosal cells demonstrated that the concentration of mucosal transferrin varies directly with radioiron uptake by the mucosa (14) . Based on studies in the rat, Huebers and co-workers have suggested that transferrin functions as a shuttle protein in iron absorption by transporting iron from the lumen into the mucosal cell (32) . However, there are many observations that argue against a role for transferrin in the mucosal uptake of luminal iron (33) . The addition of transferrin to luminal fluid in tied-offsegments of mouse intestine was found to reduce absorption of iron from ferric nitrilotriacetate (34) . No uptake by segments of human small intestinal mucosa could be demonstrated when incubated with saturated serum transferrin in vitro (35) . Efforts to demonstrate transferrin receptors on the luminal membrane of intestinal mucosal cells have been unsuccessful (36, 37) . A recent study suggests that immunoreactive mucosal transferrin may be derived from submucosal tissue (38). At this time, neither the origin nor the function of mucosal transferrin is known. This study is the first in which transferrin has been assayed quantitatively in samples of human mucosa. In contrast to observations in the rat (14) , we were unable to demonstrate a relationship between mucosal transferrin and measurements of either iron status or iron absorption in normal subjects. It is possible that mucosal transferrin concentrations increase only when iron deficiency is severe enough to induce an elevation in circulating transferrin. Nevertheless, because our control subjects encompass a broad range in iron absorption and iron status, it is unlikely that mucosal transferrin plays a physiologic role in regulating mucosal iron transport, at least in the absence of severe iron deficiency. One of the main objectives of our study was to determine whether an elevation in mucosal transferrin could explain the facilitated absorption in patients with IH. Not only did we fail to demonstrate a positive relationship between mucosal transferrin and iron absorption in normal subjects, but patients with IH who absorbed increased quantities of iron showed a significant decrease, rather than elevation, in mucosal transferrin. Transferrin receptors have recently been demonstrated on the basolateral portion of the mucosal cell in human subjects (37) . The (37) .
The role of mucosal ferritin in iron absorption has been debated since the mucosal block theory was first advanced (40) . The biochemistry of ferritin has been studied intensively in recent years (41, 42) . It is now known that ferritins purified from different human tissues vary in their electrophoretic mobility and surface charge. These differences result from variations in the 24 protein subunits that make up the apoferritin protein shell (43) . Two (51, 52) . Halliday and co-workers (26) first reported that the concentration of mucosal ferritin was approximately twofold higher than normal in IH and much lower than would have been predicted from their elevated serum ferritin. These workers also observed that mucosal ferritin was low in relation to serum ferritin in two patients with transfusional iron overload and they suggested that a decrease in duodenal ferritin is a feature of iron overload regardless of the cause. However, a more appropriate comparison might be made between patients with IH and those with secondary iron overload from excessive oral intake rather than from iron derived from red cell transfusions, which localizes predominantly in the reticuloendothelial system. Recently we had the opportunity to study such a patient. A 65-yr-old woman had ingested one tablet of ferrous sulfate daily for > 40 yr. She was observed to have abnormal liver enzymes during an evaluation for osteoporosis.
Her serum iron was 134 gg/dl, her total iron binding capacity was 195 gg/dl, her transferrin saturation was 69%, and her serum ferritin was 1,991 gg/liter. The presence of IH could not be detected in other family members either by history or by laboratory examination. A liver biopsy showed a pronounced increase in hepatocellular iron, but there was no evidence of fibrosis. Absorption of nonheme and heme iron was 0.5 and 3.4%, respectively. The concentration of mucosal L ferritin was 951 ng/mg, H ferritin was 368 ng/mg, and mucosal transferrin was 1,346 ng/mg protein. The mucosal concentration of L ferritin therefore approached the predicted value of 1,339 ng/mg based on the relationship between serum ferritin and mucosal ferritin in normal subjects (Fig. 3 ) and was far above the mean of 185 ng/mg protein observed in our patients with IH.
Recent studies of ferritin gene synthesis have provided circumstantial evidence that ferritin may be involved in the absorptive abnormality in IH. Studies of the chromosomal distribution of the H ferritin subunit sequence have shown that the H gene is present on at least seven different chromosomes (53) . The detection of an H ferritin sequence at 6P12 in close proximity to the HLA locus provides some circumstantial evidence for involvement of the H subunit in IH. In this study, however, no disturbance in the relationship between L-rich ferritin and H-rich ferritin could be detected. This agrees with the previous findings by Halliday and co-workers (26) , who reported that the mucosal isoferritin profile in IH does not differ significantly from that seen in normal subjects. Our failure to detect a disturbance in the ratio of H-rich and L-rich ferritins in IH suggests that if duodenal ferritin plays a role in the pathogenesis of IH, it is associated with a parallel disturbance in both H-and L-rich ferritin molecules. It is also not clear whether the lower concentration of mucosal ferritin relative to serum ferritin in IH results from a primary defect in the regulation of ferritin synthesis or from a secondary decrease in mucosal iron storage because of inappropriately accelerated transfer of absorbed iron to the circulation.
